Abstract. We present a comprehensive spectroscopic study of C 2v point-group symmetry sites in Sm 3+ :CaF 2 /SrF 2 codoped with either NaF or LiF. Data includes electron paramagnetic resonance measurements of Zeeman and hyperfine interactions for the ground state, as well as site-selective excitation and fluorescence spectroscopy up to the 4 G 5/2 multiplet. Inclusion of the EPR data allowed us to determine unique crystalfield parameters. The parameters provide information about the geometry of the sites and the nature of the interactions between the Sm 3+ dopant and the alkaline earth co-dopant. 
Introduction
Accurate crystal-field calculations of magnetic and hyperfine interactions for rare-earth ions in low point-group symmetry systems is a difficult problem [1, 2] . While previous studies have employed ground-state g values to enhance crystal-field calculations [2, 3, 4, 5, 6] , accurately reproducing magnetic and hyperfine interactions for low pointgroup symmetry systems is still challenging. Crystal-field models for low-symmetry materials such as yttrium orthosilicate have potential to aid in the development of the many recently demonstrated rare-earth ion based applications employing low-symmetry host materials. This includes advances for optical quantum memories, quantum-gate implementations, and optical-to-microwave modulators [7, 8, 9, 10, 11, 12, 13] .
Here we present a detailed optical and magnetic characterization of the C 2v centre in Sm 3+ doped crystals. The data is analysed using a crystal-field fitting scheme that simultaneously employs optical fluorescence, magnetic Zeeman, and hyperfine data. Our parameters are largely consistent with those for Dy 3+ orthorhombic centres in alkalineearth co-doped fluorides [4] . This work demonstrates that hyperfine interactions can be accurately modelled using a crystal-field approach in low-symmetry systems.
There are two main substitutional sites for Sm 3+ in CaF 2 and SrF 2 : the tetragonal C 4v (F − ) centre and cubic (O h ) [5, 14, 15, 16, 17, 18] . For crystals grown under oxidizing conditions, a C 3v (O 2− ) centre is also present, having an O 2− ion in a nearest neighbour position along the [111] direction from the Sm 3+ ion. Co-doping of rare-earth doped alkaline earth fluoride crystals with Li + or Na + ions is known to enhance the concentration of cubic centres [19, 20] but also gives rise to rare earth centres charge compensated by monovalent alkali ions. Various configurations for these centres are given by Pack et al. [21] who studied the 4f 1 → 4f 0 5d 1 transitions of Na + codoped Ce 3+ :CaF 2 and Ce 3+ :SrF 2 crystals. While their work suggested the presence of multiple Na + charge compensated centres, a later study focusing on EPR intra-and interconfigurational transitions, of Ce 3+ :CaF 2 optimally codoped with either Li + or Na + , suggests the presence of three main centres [22] . A remotely charge compensated cubic (O h ) centre, an orthorhombic C 2v symmetry centre associated with a nearest neighbour [110] alkali ion, and a modified tetragonal centre having an on-axis [200] alkali ion in the next nearest neighbour position.
Theoretical description
This section details both the basic elements of the crystal field and spin Hamiltonian formalisms before describing the method employed to perform the enhanced crystal-field fit outlined in the introduction.
Crystal field Hamiltonian
The term "crystal-field Hamiltonian" in the context of rare-earth doped insulators is used to describe an effective Hamiltonian for the 4f N configuration, containing Figure 1 . Axis choice used for calculations for the C 2v -oriented Sm 3+ /Na + sites in alkaline-earth fluoride crystals. The z and x axes are through the edges of the F − cube surrounding the Sm 3+ ion and the y axis is through the face of the cube.
parameters fit to phenomenological data [23, 24] . The complete Hamiltonian reads
where H FI corresponds to the free-ion Hamiltonian, H CF is the Hamiltonian describing the effect of the crystal on the ion, H Z is the Zeeman Hamiltonian, and H HF is the hyperfine Hamiltonian.
The two dominant interactions of the free-ion Hamiltonian are the electrostatic repulsion and the spin-orbit interaction. We follow Carnall et al. [25] in defining the free-ion Hamiltonian by
where E AVG is the spherically symmetric one-electron part of the Hamiltonian; F k are the Slater parameters; ζ 4f is the spin-orbit coupling constant; and f k and A SO are the angular parts of the electrostatic repulsion and the spin-orbit coupling, respectively. The constants α, β, and γ parametrize two-body interactions (Trees parameters) and the constants T i parametrize three-body interactions (Judd parameters). The M h and P k parameters are higher-order relativistic corrections. We now consider the second term in Eq. (1), H CF . For a cubic system, H CF is commonly written as [16] :
4 + C
Here, the B k C are the crystal-field parameters for cubic-symmetry sites and C (k) q are spherical tensors, expressed in Wybourne's normalization [26] . The subscript "4" on H indicates that the z axis is a four-fold axis. 
For this form of H CF , the x, y, and z axes are four-fold axes. This is not suitable for our analysis, since a C 2v symmetry system is best described with an axis choice where the z axis is two-fold symmetric while the mirror planes are perpendicular to x and y.
The structure of such a site, with the choice that the z and x axes are two-fold axes (through the edge of the cube formed by the F − ligands), and the y axis is a four-fold axis (through a face of the cube), is given in Fig. 1 and Tab. 1. We may define a cubic crystal-field Hamiltonian for this geometry as follows:
The subscript "2" on H indicates that the z axis is a two-fold axis. The signs and normalizations were chosen so that the crystal-field parameters from Ref. [16] could be used without modification. The local structure of the C 2v sites is modified by the replacement of a Ca 2+ or Sr
2+
ion by an Na + or Li + , and thus the Sm 3+ -Na + /Li + direction defines the C 2v symmetry axis. For the geometry of Tab. 1, this means that the substitution is for a Ca 2+ or Sr
on the z axis. In Sec. 4.3 we will discuss the EPR data using the knowledge that the above Hamiltonian requires that the two-fold axis, z, is along the [110] direction (prior to any distortion caused by the substitution), and that the x and y axes are along the [110] and [001] directions, respectively (so that y is a four-fold axis).
We expect the C 2v symmetry sites to only have small distortions from the cubic sites due the substitution of a Na + or Li + ion. We therefore write the C 2v crystal field Hamiltonian in terms of the above cubic crystal field Hamiltonian and changes from the cubic parameters:
Here ∆B k q is the change in the crystal-field parameter from the cubic value. We fix B 4 C and B
6
C to the values obtained by fitting to the purely cubic centers [16] , and then vary all of the ∆B k q parameters of Eq. (5), which represent the distortion from cubic introduced by codoping with Na + or Li + ions. The Zeeman term H Z describes the effect of an external magnetic field. We define [27] 
where µ B is the Bohr magneton, and l i and s i are the orbital and spin angular momenta of the ith electron for i in the f N configuration, respectively. The final term in Eq. (1), H HF , describes the coupling of nuclear spin with the spin of the 4f N electrons. Following Judd [27] , the hyperfine Hamiltonian is
with
where r i is the position of the ith 4f electron. Furthermore, I is the total angular momentum of the nucleus, and the constant factor a l is defined by
where µ N is the nuclear magneton, g N is the nuclear g-factor and r 3 i is the mean cube radius of the 4f orbital. For details on how the hyperfine interaction is treated in terms of tensor operators, the reader is referred to Refs. [28, 29] Having defined the complete Hamiltonian, the energies and wavefunctions can be calculated by diagonalizing H in the |γLSJM J IM I basis. Here the state label γ corresponds to all additional degrees of freedom of the electronic configuration. The reader is referred to the monographs of Wybourne [26] and Judd [27] for a detailed discussion of these quantum numbers.
Superposition Model
The superposition model, developed by Newman and co-workers in the late 60s [30, 31, 32] , has proved an important framework for the understanding of crystal-field parameters. The model uses the approximation that the contributions to the effective potential from different ligands is superposeable (for an electrostatic potential this is obviously exact). If we had a single ligand L on the Z axis at distance R 0 the resulting cylindrical symmetry would restrict only crystal-field parameters with q = 0 to be non-zero. We define the intrinsic parameters for this ligand asB k (L, R 0 ) to be B 
In this equation, (−1)
is required to take into account the effect of rotating a ligand from the Z axis to orientation (θ L , φ L ). This angular term has the same form as in a point-charge model. The term (R 0 /R L ) t k , which takes into account the variation of the interactions with distance, would be the same as for a point-charge potential if we chose t k = k+1. However, analyses of experimental crystal-field parameters suggest that the power law is generally higher than electrostatic power laws, because the quantummechanical effects that give rise to the majority of the "crystal field" involves overlap of ligand orbitals, which falls off faster than electrostatic potentials. Equation (10) may be used to demonstrate that the parametrization of Eqn. (5) is consistent with geometry of the nearest-neighbor F − ions given in Tab. 1.
Spin Hamiltonian
Most studies of magnetic and hyperfine interactions make use of a spin Hamiltonian. It is defined as [33] 
The first two bracketed terms account for free-ion and crystal-field interactions as defined by Eqs. (2) and (5), respectively. Provided the state under consideration is sufficiently separated from adjacent states, the terms H FI and H CF amount to a constant offset due to the spin-orbit and crystal-field interactions. The hyperfine structure of the state in the presence of a magnetic field can then be accurately characterized by the interactions in the second set of parentheses. These terms are the nuclear hyperfine interaction and the electronic Zeeman interaction [33] . We note that contributions due to the nuclear quadrupole as well as nuclear Zeeman interactions have been neglected here. The effective Hamiltonian H for a specific electronic state is referred to as the spin Hamiltonian. The details of the components that contribute to the matrix elements of these interactions depends on whether one is dealing with a Kramers or non-Kramers ion, as well as the local site symmetry.
In the case of samarium in a C 2v symmetry center, the appropriate spin Hamiltonian has the form
If g is symmetric (which is the normal choice), the g-tensor can be diagonalized by an Euler rotation R according to
with principal g-values g x , g y , and g z and Euler rotation parameters α g , β g , and γ g . The orientation for which the g-tensor is diagonal is referred to as the principal axes of the Zeeman term. Similarly, the hyperfine parameter matrix A can be diagonalized by an Euler rotation to their respective principal axes. We shall see below that our choice of C 2v axes automatically diagonalises the g tensor, considerably simplifying the analysis.
Crystal-field analysis
In order to fit the parameters of Eqs. (2) and (5) to both energy level and spin Hamiltonian data we must calculate the theoretical spin Hamiltonian for a given set of free-ion and crystal-field parameters. Consequently, we must calculate the theoretical spin-Hamiltonian parameters for a given 4f N configuration Hamiltonian, H. This projection can be cast in the language of effective operators [34, 35] . We proceed by defining the 4f N configuration as the complete space and the spin Hamiltonian basis as the model space. Then, if we have eigenstates of the complete Hamiltonian of the form
we require the matrix elements of the model space Hamiltonian, such that
where H is the spin Hamiltonian defined by Eq. (11) . Since the spin Hamiltonian method assumes that H FI and H CF can be considered as a zero-order Hamiltonian, the transformation to the spin Hamiltonian basis can be performed by diagonalizing H FI + H CF and then, given the resulting eigenvectors V , one can transform the Zeeman and hyperfine operators according to
for operator, A, and effective operator, A eff .
Experimental techniques
The samples of CaF 2 or SrF 2 codoped with either SmF 3 with LiF or SmF 3 with NaF were prepared using the vertical Bridgman-Stockbarger method. The growth was performed in a positive argon atmosphere using a 38 kW Arthur D. Little radio frequency furnace. The resulting crystal boules were oriented along the [100] axis using Laue xray diffraction, and cut into 5 mm 3 samples which were further polished for optical spectroscopy.
A series of crystals with various dopant concentrations were prepared from which the following were chosen for detailed study: two crystals of 0.075%Sm 3+ :1.09%Na + :CaF 2 and 0.026%Sm 3+ :0.99%Li + :CaF 2 , in addition to two crystals of 0.01%Sm 3+ :0.86%Na + :SrF 2 and 0.037%Sm 3+ :1.17%Li + :SrF 2 . These dopant concentrations were selected since they yielded primarily single-ion centers for crystals prepared without the NaF or LiF codopant [16] . We note that in the case of CaF 2 preferentially formed clusters will be present at the selected dopant levels.
The Sm 3+ ions were excited for both excitation and fluorescence spectroscopy using a Spectra Physics 375B dye laser, employing Rhodamine 560 dye dissolved in ethylene-glycol, pumped by a 5 W Coherent Innova 70 argon-ion laser. The samples were cooled to 10 K using a closed-cycle CTI-Cryogenics model 22C cryostat. A Spex Industries 500M single monochromator was employed for dispersing fluorescence. Dispersed light in the 18,000 cm −1 to 12,000 cm −1 wavelength range was then detected using a thermoelectrically cooled Hamamatsu R9249 photomultipler. For fluorescence in the infrared, phase sensitive detection was performed with a liquid nitrogen cooled germanium detector in conjunction with an Ortholoc model 9502 lock-in amplifier.
The electron-paramagnetic resonance (EPR) measurements were performed at temperatures between 5-50 K using a Bruker EMX10/12 X-band spectrometer with microwave frequencies in the range 9.695-9.710 GHz, a microwave power of 0.1 mW, and 100 kHz field modulation. The angular variations of the EPR spectra were measured by rotating the sample in the cavity. The full range of the applied magnetic field was between 0-1.5 T.
Results and discussion

Energy levels of Sm
3+ ions
The valence electrons of Sm 3+ are of the 4f 5 configuration, which consists of a total of 1001 Kramers doublets. Fluorescence in the visible region was detected from the 4 G 5/2 multiplet to all 6 H J and 6 F J multiplets, with the exception of the 6 F 11/2 . The standard notation of Dieke to label specific crystal-field levels is used throughout this communication. Specifically, the ground multiplet is labelled as Z, with the ground electronic state designated as Z 1 . Further, the first excited multiplet is labelled by the letter Y , and the 4 G 5/2 multiplet is labelled by the letter A. Again, numerical subscripts are used to indicate a specific electronic state. For the 4 F 1/2 , 6 F 3/2 , and 6 H 13/2 multiplets we adopt the notation employed in our previous work in which we opted to label them by the letter S since crystal-field J-mixing means the corresponding wavefunctions of these multiplets are heavily mixed.
Laser spectroscopy
Site-selective and broadband excitation spectroscopy was performed on all four materials. A representative broadband excitation spectrum for 0.075%Sm 3+ :1.09%Na + :CaF 2 recorded at a temperature of 10 K is shown in Figure 2 (a). Both cubic and C 2v centres have been identified; the cubic centre has been investigated in detail in the past [16] . We will henceforth denote the orthorhombic symmetry centre by C 2v (Na + /Li + ). Additionally, we observe a phonon sideband, shifted by an energy of ∼ 350 cm −1 from the zero-phonon line. Such sidebands are a common feature of this multiplet. Figure 2 (b)) suggests that this center is very close to cubic symmetry. This is also reflected in the non-cubic crystal-field parameters presented in Tab. 4.
The phonon sideband is due to an electron interaction with local vibronic modes around a substitutional Sm 3+ ion. Similar phonon sidebands have been observed for Ce 3+ :Na + :CaF 2 (SrF 2 ) and were located in the range from 100 to 500 cm −1 shifted from the zero-phonon lines of Ce 3+ [36, 21] . In general, the difference in the relative intensities of the phonon sideband to the zero-phonon line is due to the electron-phonon coupling strength. The larger coupling constant corresponds to a larger overlap of the wavefunctions between the central Sm 3+ (Ce 3+ ) ion and the eight ligand F − ions in CaF 2 . This value is estimated from the superhyperfine (SHF) interaction of the central ion and the ligand ions in the EPR measurement (Fig. 5) . Figure 3 shows representative site-selective fluorescence spectra for the C 2v (Na + ) center in 0. The EPR line shape for any magnetic field direction (see the spectra at 35
Electron-paramagnetic resonance
• and 55
• in Fig. 5(a) ) is Gaussian and the linewidth is created by the superhyperfine (SHF) interaction of Sm 3+ with the surrounding F − ions. However, as shown in Figure 5 (a), the SHF structure only appears when the magnetic field is parallel to the [110] direction. The number of SHF lines is clearly more than seven, as shown in Figure 5(b) , suggesting that the total spin contributing to this structure must be greater than 3. Since the nuclear spin of an F − ion is 1 2 this requires more than 6 F − ions. We therefore consider the eight Wavenumber (cm is given by
where g e is the g-value of the Sm 3+ ground-state electron spin, g N is the g-value of the F − ligand nuclear spin, |Ψ(0)| 2 is the electron density at the F − nucleus [38] , and f s is the s-character amount of the F − ligand ion electron. The field separation, ∆B, between the adjacent lines of the nine SHF lines is experimentally estimated to be 0.9 mT as shown in Fig. 5(b) . The relation between the SHF coupling constant and the separation magnetic field is given by
Using Eqs. (15) and (16) Intensity (Arb. units) |Ψ(0)| 2 = 78 × 10 24 cm −3 for the F − ligand ion [38] , the value of f s is calculated to be 0.05%. This value is very small, but not negligible. Such an expansion of the electron wavefunction of the Sm 3+ central ion towards the F − ligand ions is indicative of strong electron-phonon coupling, which results in the observed phonon-side bands shown in Fig. 2 . Figure 6 shows the angular variations of the g-values in the {010} and {110} planes for the 152 Sm 3+ ion with zero nuclear spin in Sm 3+ :Na + :CaF 2 . As the full magnetic field range is 0-1.5 T, the g-values below 0.46 were not observable. The curves in Fig. 6 are calculated using the spin Hamiltonian (12) without the hyperfine interaction. The patterns of the angular variations show tetragonal and orthorhombic symmetries. In Ref. [39] , the principal x, y and z axes of the C 4v centres are defined as the [100], [010] and [001] directions, respectively. The C 2v symmetry axes must be consistent with the definition of our crystal-field Hamiltonian (5). As noted earlier, the reduction from cubic symmetry is achieved by the replacement of a Ca 2+ ion by an Na + or Li + ion, and the C 2v symmetry axis is therefore along the Sm 3+ -Na + /Li + direction. Observing that the C 2v axis necessarily intersects an edge of the cube formed by the 8 nearest-neighbor F − ions, it follows that one of the remaining two axes also passes through a fluorine cube edge, while the other axis must intersect a fluorine cube face. From Fig. 6(a) 1 and Eq. 4. Note that the cubic crystal structure means that there will be sites with the local x, y and z axes along different crystal directions, which explains why there are two extrema along [110] . The distinction between these two extrema is given by our calculation, with g x = 0.606 being greater than g z = 0.477, whereas the unique extrema is g y = 0.3.
The cubic (O h ) symmetry centers, observed in the laser selective excitation measurements in Fig. 2 , could not be detected using EPR. We tentatively ascribe this to fast spin-lattice relaxation between the magnetically split ground state (Z 1 of 6 H 5/2 ) and the consequently broadened EPR linewidths. Analogous measurements were made for Sm 3+ :Li + :CaF 2 , Sm 3+ :Li + :SrF 2 , and Sm 3+ :Na + :SrF 2 , as discussed below. Table 3 summarizes the g-values and hyperfine coupling constants, A, obtained by fitting the spin Hamiltonian (12) to the recorded data. This is displayed alongside the spin Hamiltonian parameters inferred from the crystal-field Hamiltonian, as will be discussed in Sec. 4.4.
The orthorhombic C 2v symmetry centers are strongly associated with Li + and Na + charge compensators. The principal z axis of the Li + orthorhombic center is tilted by an angle of about 12
• from the [110] direction, whereas that of the orthorhombic C 2v (Na + ) center is parallel to the [110] direction. This distinction is due to the differing ionic radii of Li + (0.088 nm) and Na + (0.130 nm). As the ionic radius of Na + is closer to those of Ca 2+ (0.126 nm) and Sr 2+ (0.139 nm), Na + ions substitute for Ca 2+ with minimal relaxation of the surrounding ions. On the other hand, Li + ions are smaller in size, presumably leading to two minima of the chemical potential with the Li + ions offset from the substitutional position.
Crystal-field fit
In this section, we outline the procedure used to fit the crystal-field parameters for the C 2v centres in CaF 2 :Sm 3+ :Na + /Li + and SrF 2 :Sm 3+ :Na + /Li + . These materials have a low point-group symmetry, but the symmetry does guarantee that the principal axes of the spin Hamiltonian are aligned with the CF axes, so the Euler angles described in Sec. 2.3 are identically zero. This avoids several technical challenges associated with C 1 point-group symmetry sites, while nevertheless demonstrating a crystal-field fit in a symmetry for which is is impossible to uniquely determine the crystal-field parameters from electronic energy (Stark level) data alone. The fit is performed using not only the Stark level data presented in Sec. 4.2, but also the ground-state Zeeman and hyperfine data detailed in Sec. 4.3.
For C 2v symmetry the crystal-field Hamiltonian, Eq. (5), contains eight non-zero parameters, which represent a distortion from cubic symmetry. During the fitting procedure, the eight parameters of Eq. (5) were varied, while the cubic B 4 C and B 6 C parameters were set to constant values that were previously determined for samples without Na + or Li + codopant [16] . In addition to the C 2v crystal-field parameters, the Slater parameters F k and the spin-orbit interaction parameter were varied, whereas the remaining parameters of Eq. (2) were fixed to literature values. In order to accurately reproduce the ground-state hyperfine splittings, the coupling constant a l in Eq. (7) was also varied. By diagonalizing the full Hamiltonian H in the |γLSJM J IM I basis, and employing the projection defined by Eq. (14), it was possible to determine the theoretical energy-level and spin Hamiltonian parameters for a given set of parameters.
In order to find a global solution for the parameters discussed above, the basin-hopping algorithm was used [40, 41] . This procedure is similar to simulated annealing. However, after each step a conventional local minimization algorithm is employed. Furthermore, unlike in simulated annealing, the "temperature" in the metropolis criterion is fixed to 1. For the implementation employed here, the "Bound Approximation by Quadratic Approximation" algorithm from the NLopt library was used to perform the local minimization [42, 43] . The basin-hopping algorithm has the advantage of being less likely to become "trapped" in a local minimum compared to simulated annealing. These calculations were completed with a program suite specifically developed for crystal-field analyses of low point-group symmetry hosts [44] .
Using the procedure outlined above, a crystal-field fit was performed for the C 2v (Na + /Li + ) centers in Sm 3+ :CaF 2 and Sm 3+ :SrF 2 . The results are split into three tables. Table 2 contains both the calculated energy level values as well as the experimental data obtained from site-selective excitation spectroscopy. Table 3 summarizes the calculated and measured g-values and hyperfine parameters. As can be seen in Tables 2 and 3 , excellent agreement is found between both the energy level data and the g-value data. The fit to the ground-state hyperfine values was not as accurate. However, it was well within the rather large experimental uncertainty for Sm 3+ :Na + /Li + :CaF 2 . In the fit, the g-value χ 2 was weighted by a factor of 10 4 compared to the Stark-level χ 2 , reflecting the difference in magnitude of the g-values relative to crystal-field splittings. Due to the large experimental uncertainty for the hyperfine parameters, the g-value χ 2 was weighted by a factor of ten compared to the A-value χ 2 (for the hyperfine parameters in cm −1 ). It was found that if the A-value 
Analysis of crystal-field parameters
Antipin et al. [4] used optical and EPR data to obtain crystal-field parameters for orthorhombic Dy 3+ centres in fluorides. Their results are quite similar to ours. In particular, the fitted B In the C 2v sites a Ca 2+ ion on the z axis is replaced by an Na + or Li + , which, to a first approximation, is equivalent to a negatively charged ion at |z| = 2R 0 2 3 (Tab. 1).
In Cartesian coordinates we have C Changes in angles and distances due to distortions would further modify the parameters. In principle, the superposition model could be used to estimate the distortion, as was done by Newman and Stedman for rare-earth ions in garnet hosts [46] . However, in the case of the C 2v centre discussed here, the number of degrees of freedom (of angles and ligand distances) made such an analysis intractable.
We note that the deviations from cubic symmetry are noticeably bigger for Li + co-doped materials. We attribute this to the larger ionic radius mismatch between the co-dopant and the lattice ions for Li + compared to Na + . It is possible that the symmetry has been lowered by the off-axis location of the Li + .
Conclusion
We have presented a spectroscopic study of the C 2v centre in Sm 3+ :Na + /Li + :CaF 2 /SrF 2 , including both site-selective excitation and fluorescence spectroscopy and EPR. The data was utilized to perform a detailed crystal-field analysis of the orthorhombic center, for all four materials. The addition of Zeeman and hyperfine data proved essential to giving an unambiguous set of crystal-field parameters, in particular obtaining accurate values for the B 2 0 parameters. Our results are largely consistent with earlier studies of the orthorhombic centers in Dy 3+ fluorides co-doped with alkaline earths. In agreement with that work, we confirm that the signs of the B 2 0 parameters are inconsistent with a simple electrostatic model. The analysis of this series of four materials, with a range of co-dopant and dopant ionic radius mismatches provides a unique dataset for exploring trends for a range of distortions of the cubic lattice symmetry.
